Gram-negative bacteria, such as E. coli and Salmonella, contain proteinaceous, hair-like, cell surface filaments known as curli. Curli serve to facilitate cell-cell interactions and are essential for host cell colonization.
changes make the N-terminus less solvent exposed.
Background and Significance
Curli, proteinaceous filaments found on the outer surface of bacteria such as E. Coli and Salmonella, are involved in biofilm formation and bacterial attachment to surfaces (Austin, Sanders, Kay, & Collinson, 1998; Chapman et al., 2002; Collinson, Clouthier, Doran, Banser, & Kay, 1996; Römling, Bian, Hammar, Sierralta, & Normark, 1998; Sukupolvi et al., 1997) . Investigation of Curli has shown that these fimbriae possess characteristics similar to amyloid fibers found in a number of diseases such as Alzheimer's disease, Parkinson's disease, and type II diabetes. Similar to amyloid, Curli were found to change the spectral properties of congo red and thioflavin T (ThT), as well as contain significant β-sheet character (Chapman et al., 2002) . In contrast to amyloid found in disease, which are the result of protein misfolding, and are toxic to cells, Curli have a functional role in bacteria.
Given these observations Curli have been classified as a functional amyloid: a protein aggregate with amyloid like properties that also serves a functional role. Curli assembly involves six proteins, Csg A, B, C, E, F, and G (Chapman et al., 2002) . CsgA is the major protein component of Curli filaments while CsgB is thought to function as a nucleator of CsgA aggregation as well as to anchor CsgA to the outer surface of the bacterium Hammar, Bian, & Normark, 1996) . CsgC, CsgE, CsgF, and CsgG provide a variety of important support functions: CsgG, an outer-membrane channel, secretes the extracellular proteins to the outside milieu (Cao et al., 2014; Goyal et al., 2014) ; CsgC and CsgE, periplasmic proteins, prevent the intracellular aggregation of CsgA and/or CsgB (Evans et al., 2015; Gibson, White, Rajotte, & Kay, 2007; Taylor et al., 2011) ; while CsgF, found on the outer surface of bacteria, facilitates the extracellular assembly of CsgA into Curli. In the absence of CsgF, CsgA and CsgB do not localize to the cell surface and are secreted away (Chapman et al., 2002; Nenninger, Robinson, & Hultgren, 2009; Robinson, Ashman, Hultgren, & Chapman, 2006) . Three of the Curli accessory proteins, CsgC, CsgE, and CsgF, are able to influence the aggregation of CsgA in vitro. The in vitro aggregation of CsgA, as monitored using Thioflavin T (ThT) fluorescence, is inhibited by CsgC even when the two proteins are mixed at a very low molar ratio (1:500 CsgC:CsgA) suggesting that a single CsgC protein may be capable of interacting with more than one CsgA protein (Evans et al., 2015) . CsgE was also found to prevent the aggregation of CsgA, when the two proteins were incubated together in an equimolar solution (Nenninger et al., 2011) . The solution NMR structure of CsgE indicates a distinct distribution of positively and negatively charged residues, and it has been suggested that electrostatic interactions may play an important role in CsgE's interaction with CsgA and its ability to prevent CsgA aggregation. The in vitro aggregation of CsgA is also inhibited by CsgF (Schubeis et al., 2018) , but it is unclear if this inhibitory role is biologically relevant since, in vivo, CsgF is thought to function extracellularly to facilitate the proper assembly of CsgA in to Curli. The observation that CsgC, CsgE, and CsgF can inhibit amyloid formation by CsgA, and especially the ability of CsgC to inhibit amyloid formation by α-synuclein (Evans et al., 2015) , point to the possibility that CsgC, CsgE, and CsgF could be used as tools to probe the details of protein-protein interactions that drive amyloid formation by CsgA, and perhaps amyloid formation in general. In this study the ability of CsgF to influence the aggregation of human Islet Amyloid Polypeptide (hIAPP), and the regions of CsgF that may be involved in interacting with hIAPP, was characterized. The results indicate that CsgF is able to inhibit the aggregation of hIAPP within the timescale of investigation and that residues within the N-terminus of CsgF experience changes in exposure in the presence hIAPP as compared to its absence. Typhimurium CsgF, fused to the plasmid encoded C-terminal hexa-histidine tag, were grown, at 37 0 C, to an OD (595 nm) of between 0.5 -1. Protein production was induced with the addition of 1 mM IPTG, and the cells harvested by centrifugation after 16 hours of incubation at 26 0 C. Cells were resuspended in binding buffer (20 mM phosphate, 20 mM imidazole, 500
Material and Methods
mM NaCl) and B-PER, frozen using liquid nitrogen and lysed using manual grinding with a motor and pestle. Unbroken cells and cell debris were removed by centrifugation (5000 x g) for 20 min at 4 0 C and histidine tagged protein was recovered from the lysate using a HiTrap TALON Crude Co 2+ column (GE Healthcare, Piscataway, NJ) as described by the manufacturer.
Resin bound protein was eluted from the column using elution buffer (20 mM phosphate, 250 mM imidazole, 500 mM NaCl) and subsequently desalted and buffer exchanged (in to 20 mM phosphate buffer) using a
HiPrep 26/10 Desalting column (GE Healthcare, Piscataway, NJ). The purity of affinity purified histidine tagged CsgF was investigated using SDS PAGE and the presence of the histidine tag was confirmed by western blot using an Anti-His (C-Term)-HRP antibody (Life Technologies, Carlsbad, CA).
Preparation of IAPP. Lyophilized human or rat IAPP peptides were dissolved in HFIP to obtain clear solutions. Peptide concentrations were calculated and aliquots of peptide in HFIP were pipetted into 1.5 mL Eppendorf tubes, mixed with 500 μL of deionized distilled water, immediately frozen in liquid nitrogen, and lyophilized overnight. Dry lyophilized peptide was dissolved in appropriate buffer to yield 12.5 μM solutions prior to use in CD or fluorescence spectroscopy.
CD Spectroscopy. CD spectra were obtained using a Jaco 810 spectropolarimeter (Jasco Inc., Easton, MD). Measurements were taken every 0.5 nm at a scan rate of 50 nm/min with an averaging time of 1 s. All spectra were collected between 190 and 260 nm using a 2 mm path length quartz cuvette. Spectra were corrected by subtracting an appropriate background and are presented with intensity units of molar ellipticity.
ThT Fluorescence Assay For Protein Aggregation. Aggregation of IAPP was monitored using the fluorescence intensity increase of ThT. To each aggregation reaction, a sufficient amount of ThT to yield 25 μM (from 5 mM stock solution in deionized distilled water) was added immediately after dissolving IAPP in buffer, and real-time emission intensities were measured at 482 nm with excitation at 450 nm. Measurements were performed at room temperature with excitation and emission slit widths of 1 and 10 nm, respectively. Fluorescence measurements were taken using a FluoroMax-3
Spectro-fluorometer (Horiba Jobin Yvon Inc, Edison, NJ).
Fluorescence Labeling of CsgF Single Cysteine Mutants. Single cysteine mutants of CsgF, expressed and purified as described above, was incubated with 100-molar excess of TCEP at room temperature in pH 8, 20 mM phosphate buffer for one-half hour. 20-molar excess IAEDANS in dimethylsulfoxide was added and the mixture incubated at room temperature for 2 hours (or overnight at 4 0 C). Excess TCEP and IAEDANS label were removed using the desalting column as described above. 
Results

CsgF Inhibits The Aggregation of hIAPP
To determine the influence of CsgF on the aggregation of hIAPP, the real time fluorescence intensities of ThT at 482 nm was measured in the absence and presence of CsgF.
In the absence of CsgF freshly prepared hIAPP exhibits a sigmoidal increase in ThT intensity (Figure 2A , open squares) with a time to half-maximal fluorescence intensity (t50) of approximately 9 (± 4)
hrs. During the time in which aggregation was monitored an 11 (± 5) fold increase in ThT fluorescence intensity was observed. The CD spectrum of freshly dissolved hIAPP exhibited a peak with negative ellipticity at ~ 198 nm indicative of a predominantly unstructured backbone, while the spectrum obtained after the increase in ThT intensity contained a peak with negative ellipticity at ~ 218 nm, indicative of a predominantly β-sheet backbone structure ( Figure 2C ). These observations of freshly dissolved hIAPP are similar to those described in the literature for hIAPP aggregation (Kapurniotu, 2001; Padrick & Miranker, 2002) . Incubating hIAPP with CsgF in a 1:1 mole ratio completely abolished the increase in ThT intensity ( Figure   2A , closed squares), and no increase in ThT intensity was observed for the sample containing CsgF during the time period in which aggregation was monitored for hIAPP alone. Unlike in the case of hIAPP alone no significant change was observed between the CD spectrum obtained immediately after mixing CsgF with hIAPP and the spectrum obtained at the end of the ThT time course. The ratio of intensities at 208 and 222 nm are 1.28 for both spectra indicating the absence of any significant secondary structure change.
In the Presence of hIAPP the Fluorophore at the N-terminus of CsgF is
Protected from Quenching
To determine the nature of the CsgF-IAPP interaction, five single cysteine mutants of CsgF, labeled with the fluorophore IAEDANS, were exposed to a quencher in the absence and presence of hIAPP. Freshly rehydrated hIAPP incubated in the presence of CsgFD66 exhibits a slight (~ 2-fold) increase in ThT fluorescence ( Figure 2B ). The increase in ThT fluorescence is significantly less than that observed for hIAPP alone and thus it appears that CsgFD66 is still able to appreciably inhibit the aggregation if hIAPP, and that the N-terminal unstructured region of CsgF is not crucial to this activity.
Discussion
CsgF plays a crucial role in the formation of bacterial Curli with the protein required for the proper assembly of the major Curli subunit protein CsgA into fibrils on the outer surface of bacteria (Chapman et al., 2002; Nenninger et al., 2009; Robinson et al., 2006) . Although the exact mechanism of the protein is not known, it has been speculated that CsgF could help to bind and serve as a template for folding and aggregation of CsgA and CsgB, and additionally perhaps also function to anchor CsgA/CsgB to the outer surface of the bacterium (Schubeis et al., 2018) . Interestingly CsgF influences the aggregation of CsgA and CsgB in vitro. ThT aggregation assays have shown that the protein inhibits the aggregation of CsgA while stabilizing and aiding the aggregation of CsgB (Schubeis et al., 2018) . ThT fluorescence data presented here suggests that CsgF is also able to inhibit the in vitro aggregation of hIAPP (Figure 2A ). hIAPP is a 37-residue amyloidogenic protein implicated in type II diabetes which has been shown to form inregister parallel β-sheet structures upon aggregation (Bedrood et al., 2012) .
Although intriguing, the ability of a Curli accessory protein to inhibit the aggregation of an amyloidogenic protein unrelated to Curli formation is not unique. ThT aggregation studies have shown that CsgC is able to prevent the in vitro aggregation of human α-synuclein, an amyloidogenic protein implicated in Parkinson's disease (Evans et al., 2015) . The ability of CsgC to prevent protein aggregation appears to be specific since it was unable to prevent the aggregation of the Alzheimer's Aβ42 peptide even at a 1:1 (CsgC:Aβ42) molar ratio. Based on a comparison of the primary structure of CsgA and α-synuclein, it has been suggested that these two proteins interact with CsgC via a common interaction motif (Evans et al., 2015) . In contrast, there is no discernible region of sequence similarity between CsgA and hIAPP, suggesting that the ability of CsgF to inhibit the aggregation of hIAPP does not involve the recognition of a specific amino acid sequence.
Characterization of CsgF has shown that a significant portion of the protein is unstructured (A. Green et al., 2016; Schubeis et al., 2018) . The solution NMR structure shows a lack of secondary structure for the N-terminal forty residues as well as the approximately ten residues at the C-terminus (Schubeis et al., 2018) . Immediately following the N-terminal unstructured region is a 21 residue α-helix and a four stranded β-sheet (Figure 1 ).
Fluorescence quenching experiments carried out to probe the region of CsgF that interacts with hIAPP indicates that upon mixing hIAPP with CsgF, at equimolar concentrations, only the fluorophore placed at position 23 of CsgF becomes protected from the quencher ( Figure 3A ). This suggests that interaction of hIAPP with CsgF either occurs close to the N-terminus of CsgF, or that the interaction causes a structural change in CsgF causing the Nterminus to become less solvent exposed. The latter hypothesis is more likely given the observation that a CsgF analog lacking the N-terminal 66 residues (CsgFΔ66) was still able to significantly inhibit the aggregation of hIAPP ( Figure 1B) . Analysis of the CD spectrum of CsgFΔ66 ( Figure 4) unstructured) suggesting that removal of the N-terminal unstructured region does not alter the overall secondary structure distribution of the remaining amino acid sequence. These observations support the hypothesis that the structured region of CsgF, approximately residues 66-128, are involved in the interaction with hIAPP and that upon interaction the unstructured Nterminus of CsgF becomes less solvent exposed.
Although the fluorophore placed at position 23 of CsgF experienced a significant protection from the quencher in the presence of hIAPP, quenching experiments carried out in the presence of rIAPP do not show any protection from the quencher regardless of the placement the fluorophore in CsgF. rIAPP differs from hIAPP by only six residues with the majority of the difference contained between residues 23 and 29. Residues 20-29 of hIAPP are regarded as the most critical for amyloid formation (Goldsbury et al., 2000; Moriarty & Raleigh, 1999; Rhoades, Agarwal, & Gafni, 2000; Tenidis et al., 2000) and the inability of rIAPP to aggregate to form amyloid has been attributed to the presence of three proline residues within this region (J. Green, 2003) . It is conceivable that these proline residues prevent the interaction of rIAPP with CsgF leading to the differences in quenching observed at position 23.
The observation that CsgF can influence the aggregation of hIAPP 
